INTRODUCTION
The primary laboratory model system for mammals, Mus domesticus, has been invaluable in demonstrating the in vivo effects of both physical and chemical agents, including ionizing radiation in controlled laboratory experiments (1) . Interestingly, laboratory mice have rarely been used in semi-controlled environmental studies (2, 3) . This is rather 1 Current address and address for correspondence: Department of Preventive Medicine and Community Health, Division of Environmental Toxicology, Ewing Hall Room 2.102F, 301 University Blvd., Galveston, TX 77555-1110; e-mail: jkwickli@utmb.edu.
surprising considering the wealth of baseline data collected on the laboratory mouse. Data derived from laboratory studies should allow a more direct assessment of risk and a more thorough understanding of the effects of environmental exposures. The number of useful mouse strains, including the myriad substrains (i.e. knockouts, transgenics), exhibiting varying radiosensitivities should provide environmental scientists with powerful tools with which to study the toxicity of environmental contaminants.
The Chernobyl environment, one of the most radioactively contaminated environments ever documented, has not demonstrated a simple, predictable effect. For example, surveys of mammal species do not support the perception of a faunal desert (4) (5) (6) . Several genetic studies have been conducted on humans and non-human mammalian species exposed to contaminated environments. These studies indicate that the genetic impacts that are presumably attributable to exposure to radiation range from virtually none (2, (7) (8) (9) (10) (11) (12) (13) (14) to significantly elevated mutation rates and the formation of micronucleated cells (15) (16) (17) (18) (19) (20) (21) (22) . The latter studies include human exposures to environmental radiation levels similar to those found in the Chernobyl region in other areas of the former Soviet Union (19, 21) . It should be noted that individual dosimetry has been performed in only those studies finding no significant effects (23) . While assessment of genetic risk in studies investigating high, acute doses of radiation is straightforward, assessment of genetic risk at relatively low doses and dose rates remains difficult. Furthermore, predicting effects resulting from low doses and dose rates by using a simple, linear extrapolation downward from high doses and dose rates remains contentious (24) (25) (26) (27) .
The goal of this study was to place a standard laboratory mammalian model in the Chernobyl environment and examine the effects of subchronic (28, 29) , continuous irradiation on a relatively rapidly evolving genetic system, mitochondrial DNA (mtDNA). Previous studies investigating intraindividual mtDNA variation (i.e. heteroplasmy) in native rodents, Microtus arvalis and Clethrionomys glareolus, suggested a possible increase in the relative number of mutant Mtcyb genes present in the liver tissue 459 mtDNA HETEROPLASMY, RADIATION AND EXPERIMENTALLY ENCLOSED MICE of females and offspring exposed to the Chernobyl environment (8, 14) . While the suggested increases were not statistically significant, the sample sizes in both studies were small, resulting in a lack of statistical power. In addition, theoretical expectations of heteroplasmy in the absence of somatic insult provide a model from which empirical data can be used to infer the origin of mtDNA variants (30) . Therefore, we exposed two strains of laboratory mice, C57BL/6 and BALB/c, to the Chernobyl environment for 30-40 days. These strains are considerably more radiosensitive than the wild rodent species investigated previously (31) . Absorbed doses (external and internal) of radiation accumulated during this period should approach 1.2 to 1.6 Gy (32). Exposure to such radiation levels has been demonstrated to cause sterility in female laboratory mice (33) . In addition, these subchronic doses are approximately 25% of the acute LD 50/30 for these strains, and both strains have demonstrated moderate to high radiosensitivity, as measured by lethality, after administration of multiple doses of 1 Gy (1, 34) .
We sampled individual mice prior to their introduction into the Chernobyl enclosures to compare the initial levels of mtDNA heteroplasmy with those in the same tissue type after subacute-subchronic exposure. This approach provides an internal control. We used digit tissue (toes) because the analogous tissue (fingers) is what is most often exposed occupationally in humans. Current radiation safety standards minimize risk primarily through shielding and dosimetry. Shielding is cumbersome and is usually applied to critical tissues (e.g. reproductive organs, eyes), while hands and arms are exposed more frequently. In addition, the toes of the mice are in close contact with the radioactive soil in the Chernobyl environment and are therefore exposed to both ␥-ray photons and ␤ particles. Our null hypothesis is that there will be no significant difference between pre-and postexposure samples in the level of heteroplasmy. Our alternative hypothesis is that there will be a significant increase in the level of heteroplasmy in the postexposure samples compared to the pre-exposure samples.
MATERIALS AND METHODS

Experimental Enclosure of Laboratory Mice
Adult (approximately 10-12 weeks old) C57BL/6 and BALB/c mice were maintained in environmental enclosures in the Red Forest region approximately 2 km southwest [UTM (Universal Transverse Mercator): 36 295545 N (Northing) 5697040] of the Chernobyl Nuclear Power Plant (2) . All mice were obtained from an experimental breeding laboratory sanctioned by the Ministry of Health in Kiev, Ukraine, which certified them to be pathogen-free. Twelve C57BL/6 mice (five males, seven females) were housed in enclosures for 37-40 days (subchronic exposure) (28, 29) . Ten BALB/c mice (two males, eight females) were housed in these enclosures for 30 days (subacute exposure) (28, 29) . The enclosures and husbandry are described in detail in ref. (2) . A single toe was clipped prior to introduction of the mice into enclosures (pre-exposure) and another toe was clipped after they were removed from the enclosures (postexposure). These samples were the source of the mitochondrial DNA used in this study. External dose rates and accumulated dose were measured using thermoluminescent dosimeters. Internal radioactivity in each mouse was measured using whole-body counts prior to and after the exposure period (31) . After the whole-body counts, each mouse was killed humanely, and toe, liver, heart, kidney, muscle and femur tissue were removed and either placed in lysis buffer (35) or archived in a Ϫ80ЊC freezer (Texas Tech University, Natural Sciences Research Laboratory). All mice were handled according to TTU ACUC protocol number 99817 and animal welfare protocols AAALAC 0000956 and OLAW A-3629-01.
DNA Isolation and Gene Amplification
Mitochondrial DNA was isolated from toes stored in lysis buffer following the technique used by Peppers and Bradley (36) . The mtDNA was isolated from the nuclear DNA to avoid potential problems that could confound estimates of heteroplasmy (37) . The entire Mtcyb gene was amplified using PCR and the primers L14096Mus (5Ј-ACA GCA TTC AAC TGC GAC CAA TG-3Ј) and H15304Mus (5Ј-TTC ATT TCA GGT TTA CAA GAC CAG AG-3Ј), which were designed from the published mouse mtDNA sequence (38) . The numbers in the primer names denote the nucleotide position of the most 3Ј base in each primer and the corresponding numbered position in the published mouse mtDNA sequence (38) . The proofreading, thermostable polymerase Pfu DNA polymerase (Promega Corp., Madison, WI) was used in the PCR to reduce the enzyme-induced error observed in previous studies (8, 14) . The thermal cycling parameters followed the polymerase vendor's suggestions (Promega Corp.). Full-length amplicons were verified using agarose gel electrophoresis and then purified using the Qiagen PCR purification procedure (Qiagen, Valencia, CA). After purification, amplicons were ligated into a T/A vector, transformed and cultured using the Promega pGEM-T Easy System according to the manufacturer's suggestions (Promega Corp.)
Mutation Detection
The Mutation Screener Kit (Ambion Inc., Austin TX) was used to screen the first 400 bp of each Mtcyb clone (ϳ50 clones/sample) for nucleotide substitutions. This approach uses two RNases to digest mismatches (wild-type ϫ mutant) in transcribed duplex RNA followed by visualization of possible cleavage patterns in 2.5% agarose (39) . This method has been applied primarily to detect nucleotide substitutions producing heterozygote conditions in single nuclear genes. Therefore, for this study, ''heterozygotes'' essentially had to be created.
First, the predominant (wild-type) sequence for this region of Mtcyb in each mouse was obtained using the ABI Big Dye Terminator Chemistry (Applied Biosystems Inc., Foster City, CA) and two internal primers LGL765 (40) and H15149 (41) on an ABI310 Prism Genetic Analyzer (ABI). A clone with the wild-type sequence was then used to create potential ''heterozygotes'' with unknown Mtcyb clones (i.e. clones with DNA sequences that had not been determined). Modified primers (LGL765 and H15149) synthesized with T7 phage promoters were used to amplify all clones prior to hybridization of potential heterozygotes. Individual clones were picked and swirled in sterilized water (100 l). Amplification of clones was done using the methods described in ref. (14) with one modification: PCR primers were used at a final concentration of 0.7 M rather than 0.5 M. Duplex hybridization, transcription and RNase digestion reactions were performed according to the manufacturer's recommendations (Ambion Inc.).
Both positive and negative controls were used for each set of hybridization, transcription and digestion reactions. The positive control consisted of hybridizing clones differing by two known nucleotide substitutions. The negative control consisted of a clone hybridized back to itself. Digestion products were visualized after electrophoresis through 2.5% agarose. The DNA sequences for unknown clones in digestion products exhibiting a cleavage pattern were obtained as above. Finally, a randomly chosen subset of clones (n ϭ 31, ϳ5% of the total) was selected for DNA sequence analysis to determine the possible loss of resolution using agarose electrophoresis and/or mutations occurring near the ends of this 400 bp of DNA.
Statistical Analysis
A Fisher's exact test (one-tailed) was used to test for significant differences between the frequencies of mutant clones and nucleotide substitutions in the pre-exposure and postexposure samples (14) . A value of P Ͻ 0.05 was considered significant. The SAS program version 6.0 was used to perform the statistical tests (SAS Institute, Cary, NC) (42) .
RESULTS
DNA Isolation and Cleavage Analysis
High-molecular-weight mtDNA was isolated from five C57BL/6 mice and three BALB/c mice. A total of 660 Mtcyb clones, each 400 bp in length (total 264,000 bp), was analyzed for RNA duplex mismatches using the RNase cleavage assay. A total of 306 clones (122,400 bp) from the pre-exposure samples and 354 clones (141,600 bp) from the postexposure samples were screened for mutations. A total of 652 clones did not appear to show any cleavage pattern compared to the negative controls. Eight clones (five pre-exposure, three postexposure) suggested a cleavage pattern in the analysis gels, indicating that a potentially mutant clone was hybridized to the wild-type clone. An example of both positive and negative RNase cleavage controls and two mutant clones exhibiting different cleavage patterns is provided in Fig. 1 .
Molecular Analysis and Mutant Characterization
Each mouse's predominant Mtcyb DNA sequence (400 bp) was identical to the published mouse Mtcyb DNA sequence (38) . The Mtcyb DNA sequences of all clones chosen randomly to assess technical inaccuracy were identical to the published mouse Mtcyb DNA sequence (38) , suggesting that an appreciable number of mutant clones did not go undetected.
Three potentially mutant clones (one pre-exposure, two postexposure) had ambiguous cleavage patterns, but sequence data from these clones failed to substantiate the presence of a mutation. These three clones were subsequently designated as nonmutant. The remaining five suspected mutant clones each had a single nucleotide substitution, and the position of this substitution corresponded to the cleavage fragment length observed in the corresponding analysis gel (Table 1) . Four of these mutant clones were derived from pre-exposure samples, and the remaining mutant clone was derived from the postexposure samples. Within the pre-exposure samples, three mutations were transversion substitutions (G to T, T to A, C to A) and one mutation was a transition substitution (A to G). Two of these substitutions resulted in putative amino acid replacements [tryptophan (W) to leucine (L), methionine (M) to lysine (K)]. The single postexposure substitution was a transversion substitution (A to C) and resulted in a putative amino acid replacement [asparagine (N) to histidine (H)].
Statistical Analysis
While more nucleotide substitutions were observed in the pre-exposure samples, no significant differences in mtDNA mutation frequency were observed between pre-and postexposure samples. The frequency of mutant clones in the postexposure samples was not significantly different (P Ͻ 0.19) from that in the pre-exposure samples. In addition, the frequency of nucleotide substitutions in the postexposure samples was not significantly different (P Ͻ 0.19) from that in the pre-exposure samples.
Radiation Dose Rate and Accumulated Dose
The absorbed dose resulting from both internal and external radiation sources for these specimens has been reported by Chesser et al. (32) . In brief, C57BL/6 mice received a total absorbed radiation dose of approximately 1600 mGy, corresponding to a dose rate of 40 mGy/day. BALB/c mice received an absorbed radiation dose of approximately 1100 mGy, corresponding to a dose rate of 37 mGy/day. The C57BL/6 mice were enclosed for 10 more days than the BALB/c mice.
Suggestions for Methodological Improvements
Knowledge gained from this study can be used to improve the methodology for future nonlethal sampling studies. We were unable to isolate an adequate mtDNA sample from one pre-exposure tissue sample from the C57BL/6 mice and one postexposure tissue sample from the BALB/c mice. In addition, a low, but adequate, yield of mtDNA was isolated from most of the BALB/c mice. Complete cell lysis in a large volume (one toe/5 ml lysis buffer) prior to mtDNA isolation is likely to be responsible for both the low yield and the inadequate samples of mtDNA. Additionally, toe samples from BALB/c mice were stored in lysis buffer for a longer period (ϳ3 months) prior to mtDNA isolation. Intralaboratory experiments (unpublished results) in which toe samples were placed in smaller volumes of lysis buffer (one toe in 0.5 ml or 1 ml) consistently yielded adequate mtDNA samples even after 2-3 months of benchtop storage. This is because the entire solution is amenable to DNA isolation. Therefore, storage in a large volume (5 ml) of lysis buffer is not recommended for future studies unless the toe sample is removed for mtDNA isolation relatively quickly (Ͻ1 month storage), thus circumventing complete lysis and ''irreversible'' dilution. Chernobyl region (8, 14) . While the two previous studies (8, 14) concluded that there was no statistically significant increase in mtDNA heteroplasmy in either species chronically exposed to environmental radiation, both reported more Mtcyb gene mutations in the exposed specimens. Relatively small sample sizes in both studies may have masked significant increases in mtDNA heteroplasmy [i.e. failure to reject H o ; Type I error (43) ]. Clethrionomys glareolus, in particular, can also be considered to be relatively radioresistant (LD 50/30 ഠ 11 Gy), especially when compared to the laboratory strains of mice (LD 50/30 ഠ 6 Gy) used in this study (31) . Furthermore, the liver tissue used in the previous heteroplasmy studies is internal and is therefore shielded from external ␤ particles, and thus it does not accumulate appreciable burdens of either radiocesium or radiostrontium. These observations imply that strains of mice (C57BL/6 and BALB/c) that model the higher radiosensitivity (ϳ2ϫ C. glareolus) observed in humans may yield more conclusive results, especially when examining a tissue that is likely to be affected by both external ␤ particles and 
Notes. Clone identification numbers correspond to archived voucher specimens (Natural Science Research Laboratory, Texas Tech University). Clones subscripted ''Pre'' represent preexposure samples while those subscripted ''Post'' represent postexposure samples. A ϭ adenine, C ϭ cytosine, G ϭ guanine, and T ϭ thymine. The nucleotide position of each mutation is given and indicates the sequential distance from the first codon position of the start codon. Synonymous substitutions are designated by ''S'', and nonsynonomous substitutions are designated by ''N''. The amino acid replacement is provided where appropriate.
a Single-letter IUPAC designations.
␥-ray photons. The energy attributable to ␤ particles and ␥-ray photons in the radioactive Chernobyl soil should still have more impact on the digit tissue than on liver tissue. Extending these implications to human exposures, digit (finger) tissue is often the least shielded and thus is the most at risk in many occupational (e.g. research laboratory) situations. To the extent that these conditions are analogous, our data provide no evidence that a detectable risk results from exposure of the digits to the doses and dose rates studied in our experiments, which are well above those generally permitted or received during occupational exposures.
Screening for Mutations-Technical Considerations
Is it possible that the technique employed here to detect mtDNA variants failed to resolve significant differences between the pre-and postexposure samples? It has been determined empirically that the RNase cleavage assay (NIR-CA) is 80-90% effective in resolving mismatches (39) . Those mismatches that are not detected are usually near the ends of the DNA sequence being screened. We observed no ''undetected'' mutations in the subset of Mtcyb clones that were sequenced to test for inaccuracies in our analysis. This subset comprises ϳ5% of the total number of clones screened for mismatches. Even if the error rate in our study were as high as 10 to 20%, the total number of mutant clones, both detected and undetected, would approach six or seven (an increase of only one or two mutant clones). An unusual and improbable bias in mismatch detection would have to be invoked to result in a significant and ''undetected'' difference in the number of mutant clones in either series of samples. This bias would also have to apply to our sequenced subset. If the reported error rate were applied to our results, it would not inflate the number of ''undetected'' mutant clones sufficiently to influence the outcome of the statistical analysis. Though difficulties in detecting mutations have been noted, we concluded that this method adequately resolved the levels and nature of the heteroplasmic variants in our samples (44) (45) (46) .
Acute and Nonacute Exposure-Time to Redefine Models of Radiation Risk
The results presented here indicate that exposure to environmental radiation at Chernobyl for up to 40 days did not increase the mutation rate in the mitochondrial DNA in the toes of these mice significantly. Though we did not attempt to estimate the risk to the nuclear genes, this study supports the suggestion that this genetic component, which is governed by a more complex and efficient repair machinery (47), may not incur a significantly elevated mutation risk from similar exposures. This observation is consistent with a recent study that found no nucleotide variation in the tumor suppressor gene, TP53, in native voles exposed to the Chernobyl environment (48) . A recent study investigated translocation frequencies in laboratory mice exposed to equal doses of 137 Cs ␥ radiation administered either acutely, subchronically or chronically. Mice exposed to acute doses of 1.8-3.6 Gy exhibited significant increases in the frequency of translocations, while those receiving subchronic and chronic exposure to radiation at doses of 1.8-3.6 Gy did not exhibit a significant increase in the frequency of translocations over that in unexposed controls (49) . In conjunction with previous studies, this indicates that cumulative dose models of radiation effect may be inappropriate for estimating risk and that dose rate is likely to be an important variable that has largely been ignored (2, 7, 8, 10, 12-14, 24, 25, 49, 50) .
Mutation Resolution and Biological Significance
It is possible that mutations are occurring in the digit tissue, and possibly other tissues, and that current limits of resolution simply cannot detect them (44) (45) (46) . However, if the limits of resolution are inadequate and response is a simple function of dose, this calls into question the implications of studies documenting molecular effects in organisms, including rodents, exposed to substantially lower levels of radiation than those documented here (15) (16) (17) (18) (19) (20) (21) (22) . Most studies documenting effects attributable to Chernobyl mea-sured changes in genetic elements whose function, if any, is unknown and whose mutation mechanism is poorly characterized (51) (52) (53) . In addition, those studies, which suggest that genomic instability causes the increase in the mutation rate, did not find increases in mutation rates in related markers with similar spontaneous mutation rates (18) . The biological significance of these findings is therefore unclear. If studies indicating significantly elevated mutation rates are accurate, then it seems that such impacts cannot be extrapolated easily to the entire genome, especially when previous studies on protein-coding genes, which have not documented any mutagenic effect, are considered (8, 14, 48) . In any case, the majority of both field and laboratory studies, including this study, do not support the increased genetic risk from low-dose-rate irradiation at Chernobyl suggested by some researchers (15) (16) (17) (18) (19) (20) (21) (22) .
Summary
This study indicates that tissue from toes exposed to radiation at low dose rates such as those in the Chernobyl environment does not incur a significant mtDNA mutation risk, which further suggests that human finger tissue exposed occupationally to low dose rates of radioisotopes with similar energies is not at significant risk of mtDNA mutations. The data suggest that the current model of radiation risk (cumulative, linear, no-threshold) needs to be re-evaluated (49) . This study also demonstrates the potential value of laboratory mice for studying risks including radiation risk. Experimental designs employing native species with a variable genetic background, species with an isogenic background, and sensitive assays designed to aid an understanding of mutation mechanisms and biological significance should be used to evaluate the risk of lowdose-rate and environmental radiation.
